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Neutrinos - what do we know?

S>THE STANDARD MODEL <.

Illustration by Sandbox Studio, Chicago

“Neutrinos, the Standard Model misFfits”
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Neutrinos - what do we know? 2015 NOBELPRIZE

Neutrinos in the Standard Model are massless

V; .

Neutrino mixing

Arthur B.

McDonald
Ve "
v | =Upuns | V2 NEUTRINO OSCILLATIONS
V’T V3 The discovery of these oscillations shows that neutrinos have mass.
* Neutrino oscillations rec.IUire massive Neutrinos normal hierarchy (NH) inverted hierarchy (IH)
m2 4 Am?

Am?2, ~ 7.59 x 107 %eV?
P(Vz' — Vj) X Am2 Mz ©

Y AmZs ~ Am3, ~ 2.3 x 1073eV?

Normal vs. inverted hierarchy E—— 1,

How do neutrinos get their masses?
What nature do neutrinos have? Are they their own anti-particles?
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Why Lepton-Number Violation?

* Masses of the active neutrinos cannot be explained within the SM
* BUT right-handed neutrinos could help

Dirac mass Majorana mass
1/2
vy, LeHvy D mprpvg My UVRVER
120 0 0
hypercharge
/2 1/2
* tiny Yukawa couplings MmMULVY, LLHH

1/21/2 -1/2 1/2

not at tree-level within
the SM possible

mV/AEW S 10_12

* Lepton number no accidental .
symmetry anymore * higher dimensional operator

* Lepton number violation (LNV)

v X{H) H
vy _1;_ Vg ! S ( )-Iv\ ’+(H)
- ! -7 19) “rx
(H)X i e U/ -
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Lepton-Number Violation

* LNV occurs only at odd mass dimension:

L= LSM+—0<5>+Z A30<7> Z A5(9<9>+

Ay
- A ~
9 o Y ~C C
055) = LO‘LBH’)HJEM%J (9&& = LYLPQ.u°Q"d €6p
32321 1 O = LoLPecd e uleny

mass dimension

(9:(3? — LaLﬁdecHaeagepa
O:(sz) = LO‘LBQ’OCZCHUGQPGBJ
O\ = Loeu’dHP e 5

Babu, Leung (2001), de Gouvea, Jenkins (2007), Deppisch, Graf, JH, Huang (2017)
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Radiative neutrino mass generation

* LNV occurs only at odd mass dimension:

L= £SM+—0<5>+Z A30<7> Z A50<9>+

Ay
O§5) _ LQLBH”HUEapGBU O
<H)'|":hi+(H) 0(7) _ LaLﬂQPchaeaﬂepg
VL
W |0 = LULPQrd H e
02
m, = /1_1

 Yayug® v

v = (167’(’2)4 A16

o vy, “ o ur, “ h+ é i
b= <€L) , Q N (dL> , = (h()) B <h0> e <h0> .
2 2

o _Yag® v* . Yd U
(1672)2 Asq YT 1672 Ag, Deppisch, Graf, JH, Huang (2017)
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Probing LNV interactions - OvBf3 decay

Neutrinoless double beta decay Most stringent limits are currently set by
GERDA and Kamland-Zen:

Ty5 > 0.9 x 10% y Ti)5 > 1.07 x 10%% y

Ty = mgs [2 G | M P

/7 N

: : nuclear matrix element
particle physics

phase space factor

standard mass mechanism long range contribution short range contribution

d u Oy T U
W— d
e e d e
05 vV 1%
u d U Oy u

OvBpB decay probes only first generation!
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Schechter-Valle Theorem - Black Box Theorem

Schechter, Valle (1982)

Any AL = 2 operator that leads to Ovbb will induce a Majorana mass
contribution via loop

v°(p) e“(p + k1) < e(p — k) v(p) Dirr, Merle, Lindner (2011)
9-dim AL = 2 operator will lead to Ovbb but only tiny contribution to neutrino mass

om, = 10728V

Observation of OvBB decay does not imply that the mass mechanism is the dominant
contribution.

Julia Harz BSM theory overview of neutrinoless double beta decay 8



Constraining LNV interactions

long range contribution

Uu
d U
! e~ ? W- -
14 o — (95 y e
W- e
_ W
4 “ d a
Or
—1 21 B2 ~1 _ 2 2
12 = Gou|[M|7[eg] Lo = Goy | M [7[ mpgg |
Leptonic and hadronic current with different chirality structure:
Gr . . , . _
L= —F{Jﬁ—AJxT/—A p T Z €ndp e} jg = eOpv
V2 | 5
o J' = u0,d
Ovia=7"(1=%7s)
T
Ogip = (1£75) el x 10° | & | eph eyl €sip  er
i 6Ge 41 | 0.21 37 0.66 0.07
Ot = 50 1] (1 £75) ©Xe |26 011 22 026 0.03
Deppisch, Hirsch, Pas (2012)
Julia Harz
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Scales of New Physics

*t generation couplings

106 : 2 A 2 A 7y ]
[ ] 7-dim
Non-standard Grer G 9-dim
mechanism \/§ R 2A73 .
107  — | | 11-dim 3
F 6 effective coupling can :
be related to the scale
; of the operator
||
= 10%
g E 11 11 12 14 14 19 20 LHC h
i rcac
=~ [ {\ 24 2828 32 36 37 38
103 3 AL BT 2 2 28 29 31 32
- 26 2 30 s
- 25 - 40 43
- #1_6 W B2 I B30 I 1
10%E EW scale !
s . e ]
Y Y Y YN Y YRV YN Y Y YYY®YY v¢  yvyvy YV _ YYVVYVYY V. vy
only mass mechanism

Deppisch, Graf, JH, Huang (2017)
Deppisch, JH, Huang, Hirsch, Pas (2015)
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Scales of New Physics

3" generation couplings

106:AA A A A A A A A A A A AAAAA A AAA A
[ ® <o
only mass mechanism 7-dim
9-dim
10°F i m
: non-standard mechanism 11-dim
e
-_— 28 28 28 29 29 32 32
> 4 - r
g 10°)
—_— 24 24 27 27 31 31 HC reaCh‘M
— ]
36 37 38 7
103k 5
40 43 :
102}k s EW scale ]
; 23 |
— Y Y A 4 \A A A A AN \ 4
Deppisch, Graf, JH, Huang (2017)
Deppisch, JH, Huang, Hirsch, Pas (2015)
Julia Harz
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Uncertainties of Nuclear Matrix Elements

8
E I\IR-EDF A I ] | T E
-1 _ 2 ~0v Ov |2 7~ REDF —
12 = mps |G| M7 - oRPAYy X | _ s -
6 T QRPATU I Jt A 4 —
- QRPACH + | { I i ]
SE BM2 m | gL A -
] 3 4 n SMMi T - ¥ T .
nuclear physics = FSMStMTk @ | i o E
3 [ T m B -
- ®oo & boe I
* Dependence on isotope and 2 & Tz : =
specific operator S * -
. . o E 1 L || IR -
* Differences between different oL 1 ot L
nuclear models S ° -
B (] T + ]
N; [ = I - ¥ a
 “the g, problem” quenching of e ol " ; 2 .: .
ial- ing? = F ., x -
the axial-vector coupling? 2 F A ¥ x x®y  a ]
S - T A A [ -
92 3Y 029 | a* S
M:MGT_—‘Z/MF‘{‘MT‘ = = E
9a - ]
1028 I [ | | | | [ | | |
e.g. Suhonen et al., Engel et al., and 48 7682 96;\00 116124130736 150
many more
Engel, Menendez (2016)
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Topologies for Neutrinoless Double Beta Decay

Long Mediator (U(1)em, SU(3).)
.- Decomposition Range? SorV, ) S"or V) Models/Refs. /Comments
1-i (ud)(e)(e)(ud) (a) (+1,1) (0,1) (—=1,1)  Mass mechan., RPV [58H60],
LR-symmetric models [39],
Mass mechanism with vg ,
TeV scale seesaw, e.g., [G21[G3]

+1,8) (0,8) (-1,8) [64]
l-ii-a  (ud)(u)(d)(ee) +1,1)  (+5/3,3) (+2,1)
+1,8)  (+5/3,3) (+2,1)
1-ii-b  (ud)(d)(u)(ee) +1,1)  (+4/3,3) (+2,1)
+1,8)  (+4/3,3)  (+2,1)
2-i-a  (ud)(d)(e)(ue) +1,1) (+4/3,§) (+1/3,§)
(+4/3,3) (+1/3.3)

Vi Vo V3 V4 2i-b  (ad)(&)(d)(ue) (L) +1,1) (0,1)  (+1/3,3) RPV [58H60], LQ [65166]
+1,8) (0,8) (+1/3,3)
+1,1)  (+5/3,3) (+2/3.3)

+1,8)  (+5/3,3) (+2/3,3)

2-ii-a (ud)(u)(e)(de)

24ib  (ad)(e)(@)(de)  (b) +1,1)  (0,1)  (+2/3,3) RPV [860], LQ
+1,8) (0,8)  (+2/3,3)
Topology 1 diiica  (de)(a)(d)(we) (¢) (-2/3.3) (0,1) (+1/3,3) RPV CEE0
(-2/3,3) (0,8) (+1/3,3) RPV
2-iii-b  (de)(d)(i)(ii€) (—2/3,3) (-1/3,3) (+1/3,3)
(-2/3,3) (-1/3,8) (+1/3,3)
3-1 (uu)(e)(e)(dd) (+4/3,3) (+1/3,3) (-2/3,3) only with V, and V;
(+4/3,6) (+1/3,6) (—2/3,6)
3-ii (uw)(d)(d)(ee) (+4/3,3) (+5/3,3) (+2,1) only with V,
(+4/3,6) (+5/3,3) (4+2,1)
3 (dd)(a)(u)(ee) (+2/3,3) (4+4/3,3) (+2,1) only with V,
(+2/3.6) (+4/3,3) (+2.1)
V3 H  @@@mde (9 (233 (01 (+2/33) RPV
(-2/3,3)  (0,8)  (+2/3,3) RPV [58HG0)
d-ii-a (wa)(d)(e)(de) (+4/3,8) (+5/3,3) (+2/3,3) only with V,
(+4/3,6) (+5/3,3) (+2/3,3) see Sec.[](this work)
4-ii-b (aa)(e)(d)(de) (+4/3,3) (+1/3,3) (+2/3.3) only with V,
V1 Vo V4 (+4/3,6) (+1/3,6) (+2/3,3)
5i (ue)(d)(d)(ue) ()  (=1/3,8)  (0,1)  (+1/3,3) RPV [58{60]
(-1/3,3)  (0,8)  (+1/3,3) RPV
b-li-a  (ue)(un)(e)(dd) (-1/3,3) (+1/3,3) (—2/3,3) only with V,
(-1/3,3) (+1/3,6) (—2/3,6)
5-ii-b  (@E)(&)(a)(dd) (-1/3,3) (-4/3,3) (=2/3,3) only with V!
Topology 11 (—1/3,3) (-4/3,3) (~2/3,6)

Bonnet, Hirsch, Ota, Winter (2014)
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Neutrinoless Double Beta Decay at the LHC

Oy = %aaciciéé d e

d e~

vonome A>(1.2-32)g 2 Tev .
Topology I

Example: Left-Right Symmetric Model

My [TeV]

Mwy [TeV]

Helo, Kovalenko, Hirsch, Pas (2013)
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Neutrinoless Double Beta Decay at the LHC

Different possible contributions to Ovbb: u
) - - ] ] ] d e~
u u [S] u
} J } } d e
> Sii Yo Sna < Sys Y S/ u
d d d &
— _ _ e e
u e u d
L5/3 SB% V13 S2D/(§
d U4/3 e u d

Corresponding process at LHC:

2/3

Helo, Kovalenko, Hirsch, Pas (2013)
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Neutrinoless Double Beta Decay at the LHC

Different possible contributions to Ovbb: u
d d d
a (1) e i
L5/3 S.2
d 1J4/3 e a

Corresponding process at LHC:

} } 1000 2000 3000 4000 5000
LQ L

M, 5(GeV)

2/3

Si1s 52/3

52/3 ,

S4/3 y — 51/3 ,

Helo, Kovalenko, Hirsch, Pas (2013)
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Neutrinoless Double Beta Decay at the LHC

Refined study of one model:

u
d e
Lint = 1097d%S; + g2V L;FS; + H.c. d e

u

Including: , [

* SM + detector background 14— L=100fb"! i . 1
* running of the operators 1 ol == £=300fb" Iy
* long distance contributions . £=3000fb"" 7 |
1.0} ’ 2 ]

P e e p :

= _

v ” |

5

Cesr CetAj F

—O;:éLefg + H.c. — Tﬂ_n_ﬁeﬁ + H.c.,

A

Peng, Ramsey-Musolf, Winslow (2015)
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QCD corrections and running

Leading order QCD corrections to the complete set of the short-range d = 9 Ov33-operators
covering the low-energy limits of any possible underlying high-energy scale model

d U d u d u O‘IXY = 4(@ Xd uPyd) j,
\%9\&(;%/ ¢ . . Oy % = 4(uc™ Pxd) (UJWPXd) gl
2 0~ b~ ey
/\\ OfY — 4( MPX )(UO'”VPyd) J )
d (a) u d () u d (©) u O = 4(ay*Pxd)(aPyd) j,
-1
17| = Gl (CFHA) + CFRW) + B1F (CFRA) + O () +
+ 85X (C3H(A) + CFR(A)) + e.q.
+ B (CEH(A) + CRR(A)) + BER (CER(A) + CRE(A)) | +
f(X = M, U()fz))(u +-/\/12U12 21>
+ G2 |85 (CIFFH(A) + CFF(N)) + By (CER(A) + CFF(A) +
+ BY (CER(A) + CFF(A)) + BER (CER(A) + CFH(W)) [

Gonzalez, Hirsch, Kovalenko (2015)
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QCD corrections and running

QCD corrections can give sizeable impact to short range contribution

With QCD Without QCD With QCD Without QCD
AX [ CEX (A 1CFX (A9)) | [CEEE A 1O (A e
6Ge |5.0x10710 38x1071%| 26x10°7 1.5 x 1078 9.1 x 1077 2.6 x 107
136Xe 13.4%x 10710 26x10710| 1.8x10°7 9.7 x 1077 6.1 x 1077 1.8 x 107
AX G5 (A |CFX(Ag)] |CX - — —
Ge | 35x107Y 5.2x 1079 1.4 x 1079 - - -
136Xe | 24%x 1079 35x1072 | 94x 10710 — — —
LR,RL LR,RL LR,RL
AX G55 (A |CFY (Ag)] |C5X] (& (A1)] |C (A2)] (& |
Ge | 1.5x107% 1.6x10°8 1.1 x 10~8 2.0x 108 2.1x10°8 1.8 x 1078
136Xe | 9.7 x 1079 1.1 x 1078 7.4 % 1079 1.4 x 10~8 1.4 x 1078 1.2 x 1078
XX(0 LR,RL LR, RL LR,RL(0
AX e 1eFX ) | 101 1R A (eEEREE )| o)
Ge | 5.0x107Y 39x10°%| 1.2x10°8 1.7 x 1078 1.9 x 1078 1.2 x 1078
136Xe | 34%x 1077 27x107Y | 7.9x10°° 1.2 x 1078 1.3 x 1078 7.9 % 1079
LR,RL LR,RL LR,RL
AX | CEX (A |CEX(Ag)] |CX| 1Cs (A1) |C5 (Ag)] 1Cs |
BGe | 23x107% 14x108 | 1.2x10°7 3.9 x 1078 2.8 x 1078 1.2x 107
136Xe | 1.6 x10°% 95x107Y | 82x10°8 28 x 108 2.0x 108 82x10°8

Gonzalez, Hirsch, Kovalenko (2015)

QCD corrections sub-dominant for long range contribution (less than 60%)
Arbelaez, Gonzalez, Hirsch, Kovalenko (2016)

» Extrapolation of perturbative results to sub-GeV non-perturbative scales on the basis of
QCD coupling constant “freezing” behavior using Background Perturbation Theory
— only moderate dependence Gonzalez, Hirsch, Kovalenko (2018)

Julia Harz BSM theory overview of neutrinoless double beta decay 19



“Master formula”

>
0
Q
o
m -
A l
- | —
= I dim — 5 | dim — 7 dim — 9
-
%) Electroweak symmetry
~100CeV |- ¢ ¢ breaking
—
L dim — 7 dim — 9
EI (d — uev) ® J,, dd — uuee
1 Match to ChiPT
DY Se— et YN —_—— (LECs in Table 1)
~ 1GeV

|_
=5 _ - =2 b Iwweel Iwwel
o

Construct 0v33
operators (Eq. 24)

~ 100 MeV | 7207 mmmr s e R
g E Ow33 operators O35 operators
d=  FH (Long- and pion-range) (short-range)
o DU, N— T ... NMEs(Table?)
S
> = AA AP,PP,MM AA,AP,PP AP,PP
% “8 _8 Mp, MGT,T MF,sq, MGT,sd ? MT,sd
S o |
T 2 Phase space integrals
~ 1 MeV ‘L (Table 4)
+ T Master formula
v I 1/2(0 —+0") (Eq. 38)

Cirigliano, Dekens, de Vries, Graesser, Mereghetti (2017, 2018)
Graf, Deppisch, lachello, Kotila (2018)
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“Master formula”

>
=
Q
c
LIJ -
A l
- | —
= I dim — 5 I dim — 7 dim — 9
b
) I Electroweak symmetry
= breaking
~ 100 GeV : : : : - : _ . :
- . 4 v _ v . v . v
w | dm-3 | | dim—6 | i dim — 7 I | dim—-9 |
™) = gla (4.2 + |Ag|*) — 2(Go1 — Gos)Re AL AR + 4Go2 | Ag|? E
1/2 = gda 01 v R 01 04)0CA,AR 02 |'AE 2 1)
~ 1Gs .
+2Go4 [| Am, > + Re (A5, (Ay + AR))] — 2Go3 Re [(Ay + Ar) A% + 245, AL
3
. o [ Au? + s R [0, — Aw)ki] | (38) 20
e Ov535 operators Ov55 operators
E h (Long- and pion-range) I* (short-range)
S
> AAAP,PP,MM AAAP,PP LB TR
% '§ _8 Mp, MG‘T,T Mp,sd, MGT,sd ) MT,sd
)
T § A % I Phase space integrals
~ 1 MeV ' ‘L (Table 4)
Ov 0+ - Master formula
v I Tl/z(o —+0") (Eq. 38)

Cirigliano, Dekens, de Vries, Graesser, Mereghetti (2017, 2018)
Graf, Deppisch, lachello, Kotila (2018)
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A new leading contribution to Ovf3f3

Hinyv = QG%Vfd mgaga éLCér‘E V.

V(@) = C +Va(a), Vila)=— i
0((]) + W(Q) ﬂ'(q) 4F7? q2 _|_m?r
1/u (fm)
0,063 e — AR H(Rs)|
TN — AaL=2(Rs)||
S T - AR |
> L TN — Aar=2() |’
= N |
o 0.04r A ]
e e :
< ==~
NN _(1)+.(2)+ =
Vior = =20 r0+7 @
0001 0005 0010 0050 0100 0500
Rs (fm)

Cirigliano, Dekens, de Vries, Graesser, Mereghetti, Pastore, van Kolck (2018)
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Implications on Leptogenesis

* generation of lepton asymmetry via heavy neutrino decays

* competition with lepton number violating (LNV) washout processes

* conversion to baryon asymmetry via sphaleron processes Fukugita et al. 1986
dN N, o
_ q
Hz 0~ ——(FD+F3)(NN1 _NNl)

dN
Hz— L= elp(Nay — Ny — Dy N,
Z
AL =1 source of CP violation AB=AL=3 Q

OB+L = H (QLququzﬂLi)

i=1,2,3

sphaleron processes

AL = 1 scattering processes AL = 2 washout processes
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Implications on Leptogenesis

The generation of a baryon asymmetry - baryogenesis — can be created by a lepton
asymmetry - leptogenesis:

baryon
asymmetry

SM processes Possible tight link
to neutrino
physics

lepton

asymmetry
, lepton lepton
Poss]bly asymmetry asymmetry
at high generation washout
scales

(CPV and LNV) (LNV)

In turn, lepton number violation (LNV) can destroy a lepton asymmetry, and
thus even a baryon asymmetry!

Julia Harz BSM theory overview of neutrinoless double beta decay
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Lepton Asymmetry Washout

v u

* LNV operator would cause washout of pre-existing net t ©: .
lepton asymmetry in the early Universe &
d

H
O = (L'd°)(ecuc) H ¢,
zfnhdnhf<7§n$n£n£n£>fﬁ%Ldf+u%ﬁH)
dz Ny Mg NyeN 2N g
2D —4
dnar T2~ 7o - 2D—8
zHn, 7 < = _CDmnALe AD

CD operator specific fFactor
* washout efficient if

_ 2D -9
Fw_CD T2D4 ,Ap](T) >1

H - ’an ADQD_S - AD AD

"L lepton density

IF OVRR is observed, washout efficient in the temperature interval

AL N\ 7P
AD(,D) =\p <T < Ap
CDAPI
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Ovp3B and Baryogenesis

£ current

1019¢ 1 d u

> 0vBB LFV o

Q Vi 0, N ¢

~ ] 1 d u
10°¢ E
limit above which 104%‘LHC p— _
the washout is ;_ ~
highly effective — > I I!
FW 10"’;-EW scale o .-
—>1 £ a 1

H 1 1 I

Potential to Falsify baryogenesis models! Deppisch, Graf, JH, Huang (2018)

Deppisch, JH, Huang, Hirsch, Pas (2015)

Julia Harz BSM theory overview of neutrinoless double beta decay 26



Lepton asymmetry washout

*t generation couplings

106__3AA 2 2 7y ]
| 344 7-dim
. 9-dim

10°F 5 11-dim  * 4

8
6
5 ; i
|
41
> 104
g [ itz 1414 19 20
[ LHC reach
H 32
[ a 36 37 38
hg 29 31 32
b 30 b
[ 17 1s 27 31
L 25 29 b 40 43
[ " 16 30 I .

102k EW scale g

L 4 * e

Y Y Y YV Y Y YV Y YYYY®YY v¢ vyvy YV _ YYVVYVYY .V v

Deppisch, Graf, JH, Huang (2017)
Deppisch, JH, Huang, Hirsch, Pas (2015)
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Distinguishing different operators

Dell'Oro, Marcocci, Viel, Vissani (2016)

0.08
* discrepancy between sum of neutrino masses I . ,

" "KamLAND-Zen upper limit e
from cosmology and OvB half life 0. 0ePhys: Rev. Lett. 117 (016) 082503 _a@lS
measurements could indicate non-standard i
mechanism

0.04 o

migg [eV]

0.02 ‘ i
30

(95% C.L) 1

| I
0.15 0.20

- Angular distributions allows to discriminate O,

. . Zcosm [€V]
from others, due to e, and e* in the final state
% Mass Mechanism '3 T Right Handed Current
l 5 '/"’ \“ I.I>J - Theoretical distribution 3 : - Theoretical distribution
T TR /' ! [ ] Reconstructed distribution 081 [ | Reconstructed distribution
Q RN ,/I L
- / 0.6
1.0
§ 04_
;rg I
L 05 dI‘\ F 0_2’ 0.27
———— = —(1 — kg cosb2)
dCOS@lQ 2 N N N N N I Y | I N B W I N I T e
-1 -08 -06 -04-02 0 02 04 06 08 1 -1 -08-06-04-02 0 02 04 06 08 1
OO - . . | . . A Cosine of angle between electrons Cosine of angle between electrons
0.0 02 04 06 08 10 Ali, Borisov, Zhuridov (2006),
1At]/Q SuperNemo, Arnold et al. (2010)
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Distinguishing different operators

< [ [®areAEp)
* distinguishing between different mechanisms via & 3% o=@
° ° ° - - aavv v )
measurements in different isotopes T Mg :
>25_ r RHC .
S 2] !
> | LxrHca
NP1—1 _ 2 ~NP| { (NP2 a5 ! T '
— . - * !
[T1/2 |77 = enpGTH MY o f '
z i T '
o . :
- =
Tp('X) _ IM(PGoRG(PGe) | S P
76 o A 2 A C
Tip("Ge)  MAX)PG(AX) F . . :
P 0 76|Ge lese 100*M0 116‘Cd 130|-reBB I 136txe
(R _(Rm,)/RmV sotope
—-80% —60% —40% -20% 0O 20%
—— T —T—/ Isotope Confidence Number of Isotopes
82Ge A * | Ik W R Ordering Level 2 3| 4]5]6
100 I Atomic Number 90% <2% | 8% [16%|23%|24%
Mo * O A HEE S 68% | <2% |19% |36%|45%|48%
P ' Spread 90% 6% |18%|27%|27% |24%
128 .y A pLR-M prea 0 0 0 0 o] 0
Te 4 a5l * 68% | 13% |20%|41% |42%|47%
130T A LT A R Experimental 90% 3% [11%24%|24% (24%
Readiness 68% T% [18%|46%|47%|47%
1365, B A 13396k * REE(10GeVT) Alternative 90% 3% [11%|17%]15% [24%
) Ordering 63% % [18%|34%|32% |47%
150N A Cam 300%% Experimental 90% < 2% 6% [14%|16%
1 L\ Readiness 68% < 2%(12%|22%(24%
(All 7 models, no 11¢Cd)

Deppisch, Pas (2006)

Gehmann, Elliot (2007)

 observation of OvBf via O, and O,, will imply observation of LNV at LHC
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Probing LNV interactions - LHC

Washout processes could be observable at the LHC

a M
logyg — > 6.9+ 0.6 (ﬁ _ 1) logyp T4

Observation of any washout process
at LHC would Falsify high scale
baryogenesis! My [TeV]

(scale of asymmetry generation above M) Deppisch, JH, Hirsch, Phys. Rev. Lett. (2014)
Deppisch, JH, Hirsch, Pas, Int. J. Mod. Phys. A (2015)
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Combining LHC & Ov3f3

L =90Q8dr + g L(iT*)S*F —m3S'S — %WF +g5(ST9)? + Aps(STH)? + hec.

TRF*::lrIb\C Tns/Tnf‘ZZ(l99

109 -
1 ur e, © ur
g _____ u _____ Q
S gL FIL s
10~ 1 5 X
: " dp dp
: [ ovpp
9gQ : %
1 a G N h _
B ~1 1+ washouttoo bigto “G, q 290 1
074 3 S generate n%bs R gL 7
: IFE N F,
] gr, +
X . Joy---=- ‘
I : -+« LHC (14TeV, 100fb—1) S+
[ — = LHC (14TeV, 3ab™1) e*
: —— FCC (100 TeV, 30 ab~1 -
PR el UL q collider
10—3 102 10-¢ 10°

gr
Comprehensive analysis confirms EFT results and shows interesting interplay

between collider and OvBp reach.
JH, Ramsey-Musolf, Shen, Urrutia, in preparation

Julia Harz BSM theory overview of neutrinoless double beta decay 31



Constraining LNV interactions with rare kaon decays

o - O
u

L ey

M

T

hOI

X--K o

1%

O = LYLPHPH ¢, e 5,

Og) — LO‘LﬁdeCH"eapeB(7

* GIM suppressed * No GIM suppression

Not explicit LNV! ,
* Includes first and second

generation

How are higher dimensional operators constraint by rare kaon decays?
Deppisch, Fridell, JH (2020)
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Constraining power at E949

* SM, lepton number conserving vector current Deppisch, JH, Fridell (2020)
20r
| signalregion1 S
K—nmvo __ — ., 7
£SM o A2 (VZ/-)/ VZ) (d’y'us) — SM: K* » ii*vv
SM T 15
[0)
o,
;E LNV: K" > m*vv .
* BSM, lepton number violating scalar current o ol
K—nmvv __ v 7 E
CEST = o (vvy) (ds) :
BSM 5L L o
— different phase space distribution / 1 \\ - B
% 20/ 40 e 80 N\100 120
- different acceptance: . Han Y
N b \vector 10 theoretical after
BR(K™ = 77vD)ggsg < 3.35 x 10777 at 90% CL distribution experimental
BR(KT — ntwp)icalar 91 510710 at 90% CL acceptance

Deppisch, Fridell, JH (2020)
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Constraining power at NA62

10" | Deppisch, JH, Fridell (2020) Summary of sensitivity to scalar
sR1 ! SR current (based on kinematics only):
.

10~ | SM: K v (x10'7) Experiment | SM (vector) LNV (scalar)
‘g NA62 SR 1 6% 0.3%
5 | il il NA62 SR 2 17% 15%
g 102} THEAAE A £949 mvo(1) 20% 2%
= | E949 707 (2) 45% 38%
s | AP i R, KOTO 64% 30%

107

Experiments are generally more
sensitive to vector currents

0.00 0.02 0.04 0.06 0.08 0.10 0.12
s [GeV?]

s=(Ex — E;)*

Possibility to disentangle a possible signal by
improving on experimental sensitivity and strategy?

Deppisch, Fridell, JH (2020)
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Summary

Process Experimental limit O AE,-EH | TeV] A [TeV]
Kt — ntvy | BREA® < 1.11 x 10710 Oz | S Ajiea > 19.6 | 0.213
K+ = 7fvr | BRSO < 1.78 x 10710 [67] | Oy | 32, Ajisa > 17.2 | 0.196
Kp — mvv | BREOTO < 3.0x 1077 [71] | Og | 3. Misg > 12.3 | 0.178
Bt — wtvy | BR < 1.4 x 1075 [52] Oz, | S, Njipg > 1.4 | 0.174
Bt — Ktvv | BR < 1.6 x 1075 [52] Osp | S, Aips > 1.4 | 0.174
B — 1w | BR <9 x 107° [52] Osp | D Nipa > 1.5 | 0.174
B - K% | BR < 2.6 x 1075 [52] Osp | >, Aips > 1.3 | 0.174
Kt — uto, | BR < 3.3 %1073 [32] Osq | Moo > 2.4 0.174
mt — pto, | BR< 1.5 x 1073 [32 Osq | Mjowa > 1.9 0.174
™ = v BR < 2.9 x 107'? [78] Os | Appua > 3.4 0.174
Ov3p Ty 5% > 1.07 x 10% yrs [79] | Oz | Acewa > 330 3.5
o — et R . < 1.7x 1072 [80] O | Ajewa > 0.01 0.174

Bright future perspective - B-meson constraints still in LHC
reach. Could imply strong lepton asymmetry washout?.

*) If LNV interaction is confirmed.

Julia Harz

BSM theory overview of neutrinoless double beta decay
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Is LNV only possible with Majorana particles?

Neutrinoless Quadruple Decay

. VR (@) VR
(A, Z) = (A, Z +4) + 4e x
1 _ _ T
— v (‘ X X
W(ﬁ/, (/L) N o= VR Vp
v [ , e
Z A(B - L) — 4: « X| >
_ I
v = > 6*6 |
W g === ()
/S .
d — u ) | ;
Ov4
7172 ’ Qov23 H A= 46 A\ pessimistic estimate - light
737226 - Q0p45 q12G% ~ 10 TeV mediators, resonances...
Majorana Neutrinos are not generally a pre-requisite for LNV NO!

LNV with Dirac neutrinos @ Neutrinoless Quadruple Decay! (AL =4) |ceck Rodejohann (2013)
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Can one ever prove neutrinos are Dirac?

v 0v4B Black Box v

0v4S Black Box

R_

5 1 \2 .6
,B,[Z(A_) q 10821

)2 18

Qup

1
Ald

Should a 0v43 decay signal ever be established, unaccompanied by 0v2[3
decays, then one would rule out Majorana neutrinos

Caveats may exist?

Hirsch, Srivastava, Valle (2018)
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Non-standard Majoron Emission

d u d u

\\@Fﬁ ey, € €R

G costc " E%L 2 E%R » T
P g

V2 p

Gr CL Gr €L
Isotope Tis2 [y] |€%L| |€¢§R| d U d u

82Ge 3.7 x 1022 [[4] 4.1x10% 4.6 x 1072

136Xe 2.6 x 1024 [13] 1.1x 1074 1.1 x 1072 S 2v538
b "‘.,-' ‘-.\“'
82Ge 1.0 x 10%* 80x107° 8.8x 1073
136X o 1.0 x 10% 57x107° 5.8 x 1073

Afl\‘ff)’RL ~ 1.3TeV
AR pr ~ 270GeV

New type of interaction 00k o . .. T~

distinguishable from background 1. R (]3(1.4— 1) /O(';’ﬁﬁ = Fu

Cepedello, Deppisch, Gonzalez, Hati, Hirsch, Pas (2019)
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Neutrino Oscillations & Ovf3
Vi) = Z Uai |Va)

lv,)  flavour eigenstates
2 mass eigenstates
Ui Pontecorvo-Maki-Nakagawa-Sakata

(PMNS) mixing matrix

Solar experiments

Homestake, Chlorine, Gallex/GNO, SAGE, (Super)
Kamiokande, SNO, Borexino

Atmospheric experiments
IceCube, ANTARES, DeepCore, Super-Kamiokande

Reactor experiments

NO, IO (w/o SK-atm)
===z NO, IO (with SK-atm)
LA AL T % F .3 3T | 1 T

NUFIT 4.1 (2019) |

15

10
o~
=
<

5

I

1 Il
0.35

0.3
o 1D
sin 912

Il\llllll)llll"l!IIIIIIIIII
| n

11111

065 -26 25 24 24 25 26
2 -3 12 2
Amg, [107eV] Am,,

045 05 055 06
in2o
sin” 6,,

LI
15

KamLAND, Double Chooz, Daya Bay : 1 :
* Accelerator experiments :
T2K, MINOS, NOVA §ois a0z ooz oozt 6oz 0
sin” 0,
1 0 0 C13 0 Slge_ié C12 s12 0O eial/Q 0 0
U = 0 C23 S923 0 1 0 —S512 C12 0 0 6ia2/2 0
0 —S23 (€23 _813615 0 C13 0 0 1 0 0 1
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Neutrino Oscillations & Ovf3

12 2 2 9 %dry | 2 iy
(Mee) = ‘012013 My + SiaCiz3 M2 € + Sj3mae

hierarchical cancellation quasi—degenerate
(only normal)

* Uncertainty from unknown - JAmZ 2, cos 2615
Majorana phase 3

01 : \/ AmQAc%g
« Quasi-degenerate region o \
above 0.2 eV =
= 001 | 2 o
 Accidental cancellation 3 mo BT
for NO g .
M1CyoC
0.001 | e —
[ \/ ® i gt .l 2
I Y, Amj +misi;
0.0001 | |
i 0.0001 0.001 0.01 0.1 1
€ m [eV]

>
Re
Lindner, Merle, Rodejohann (2006)
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Neutrino Oscillations & Ovf3

Combined Fit Future projection with JUNO

NUFIT 4.0 (2018)

0.1
= L | I I | L ’
1
10 £ E
- - 2 >
QO
E - i = 001 F
E
3] a |
10 E 3 30 Range - Prior
- Lo . T 0.001 Posterior i
0.1 1 0.1
rm. (eV) = m; [eV]

<ml’/>min — Am%(cg _ Sg)cﬁ%
JUNO can determine minimal value of the effective mass with almost
no uncertainty - fixes the half life that needs to be addressed

Esteban, Gonzalez-Garcia, Hernandez-Cabezudo, Maltoni, Schwetz (2018+)
Anamiati, Romeri, Hirsch, Ternes, Tortola (2019+)

Capozzi, Di Valentino, Lisi, Marrone, Melchiorri, Palazzo (2017+)

Ge, Rodejohann (2018)
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Neutrino Oscillations & Ovf3

Combined Fit Future projection with JUNO

NUFIT 4.0 (2018)

= I 1T T 1 I I I I L ’ 100
107 £ ] —
> f 1 @
v E 1 & -1
Y — 10
10" E = (m,, > N
= = = é max-
10° 5 = o ,\,y,xn;,in@,Jll.l!-s,\ e
- L . T 5 20508050550 (m;i
0.1 ! 10 e e 2B aog
Zm. (eV) 10 10 10 10 10

T [years]

JUNO can determine minimal value of the effective mass with almost
no uncertainty - fixes the half life that needs to be addressed

Esteban, Gonzalez-Garcia, Hernandez-Cabezudo, Maltoni, Schwetz (2018+)
Anamiati, Romeri, Hirsch, Ternes, Tortola (2019+)

Capozzi, Di Valentino, Lisi, Marrone, Melchiorri, Palazzo (2017+)

Ge, Rodejohann (2015+)
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Light Sterile Neutrinos - Interplay OvB3p & KATRIN

Hypothesis: KATRIN sees a kink

dI' /dE (a.u.)

SH — %He + ¢~ + 7,

my € [1 KeV,18.5 KeV], |Ue|® > 107

20

E (KeV)
dl o\ dl o dl
& OB - FE- (1—Ue ) O (Ey — E —my) |U,
o (Eo mg) Ueal” ) == (mg) + O (Eo my) |[Uea|” o5 (M)
Assumption: 3 active + 1 sterile neutrino:
—Lwe = \%Ujigj’y”PLi‘/@WJ + H.c.
Impact on neutrinoless double beta decay:
(3+1 U2 2 MYy — ., (SM,) 172
Z P2 — m Z i i = Mee T myUgy

Abada, Hernandez-Cabezudo, Marcano (2019)
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Light Sterile Neutrinos - Interplay Ovf33 & KATRIN

ESM, my | Ues [ = 107 KeV
1L 1
[ Excluded by KAMLAND - ZEN Excluded by KAMLAND - ZEN
—~~ =1 | — s =
> 107 19 % 5 10" 10 %
L g L 3
3 . ¥ E
E 1072, Future sensitivity z =E S 102 f
o £ - =
= 5 €
-
: : E - z
L = O 1073; ¥ -
= = E =
L o L
10_4%4 . ! ——a ,3 ! 17772 : ! S ,1 ‘m\ EE— ! m 10*4{7 1 L1 1111 1 L 11 1 I S ' 1 L B LE_A_IAI_LJ_I_
10 10 10 10 1 10 104 10-3 102 10-" 1 10
Migtest (€V) Miighiest (€V)
10, | |

- my | Ue = 107 KeV

* possible kink @ KATRIN would imply that 10
and NO might not be distinguishable
anymore with Ov(3

| Excluded by KAMLAND — ZEN

S 107 4
L : = o .
= 10 ﬁ Z * Observation of 0vB would not necessarily
= 102 3 imply 1O
s .
o 5 * Non-observation would not rule out 10 due
I % M 2
O : to cancellations for large enough m, U?_,
' <!
R T X S 1 10
Miightest (€V) Abada, Hernandez-Cabezudo, Marcano (2019)
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Light Sterile Neutrinos - Interplay Ovf33 & KATRIN

Assumption: 3 active + 2 sterile neutrinos (See saw type-I):
5 _ 2
p —_

_ p? —m? m2
=1 ? 9
st . H . nd H 3+1 p
1% sterile neutrino in KATRIN reach, 2" variable Mee =~ mETY x |1 - :
4 p - m5
10
i
1
3 104] 1 3 1
— N | — B |
8 e B 1
E 1078 -1| i -:
B | B |
T i | B |
Al _ 1 o 2 g 1
10-12jpgEn > my|Ues|*~3x107%KeV 7 1072 my|Ues[*~3x1075KeV
| |
PP - ol il il e il m“} wand sl il ..E
10 103 10° 107 10° 10 103 10° 107 10°
s (KeV) ms (KeV)
-
R ot o 3 P T
@ 1074 1‘ @
= 10-8 1‘ =
1
1
; " s 1 _
107"2f my|Ueq|*~4x10"°KeV 1 my|Ueyg/?~4x10"°KeV
|
PERETTTT EEPETETTTT EEPEFEETIT EEPErE T EEPErE I BRI R R M ‘.“..! FETTTY PREETTT BT TTIT RO SRR T P TTIT PR S
10 10° 10° 107 10° 10° 10° 107 10°
ms (KeV) ms (KeV)

Abada, Hernandez-Cabezudo, Marcano (2019)

Interesting interplay between KATRIN & Ovbb prospects

Isotope dependent cancellation between two different exchange
mechanisms (two different NMEs) Pascoli, Mitra, Wong (2014)
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Heavy Sterile Neutrinos

5
1 o5 Vaymy,
GOVg m2|M |2 €iN; z
1Y%, 4 Z < 2) 7:21 (p2) + m?

\l\"\.l
\\“.“
144 (g, _144p. " ‘:"w
e— ] \
Bl LR
"“1 ' \‘RU\ 10 \\\‘C%
AT RIE LY
\ s " !' d _\\ ] \al\:%l
CE S
. |\
i \
i . [,
1 g W
= 1 k. § YU M
| 4 ] Borexino . . v |
~ CMB . \ . : b
= 6 \ : 5
% 10 B \\‘\ : \\ ',‘ |
— P N ! | . CHARM
- L \ N
% : Super—K
—8 \ I
1077 ¢ : NA62
1
.
" Supernovae \‘:\\ : T2K
- ! \BBN
107101 5\
e,
-y
N
x,ray\\ CMB +BAO + H, \ .. Seesaw
- | h
10 12 ! ‘ , . o . . ’ O\ | - .
-9 —6 -3 3
10 10 10 1 10

(GeV]

Bolton, Deppisch, Dev (2019)
Atre, Han, Pascoli, Zhang (2009)
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Heavy Sterile Neutrinos

3 ns 2 :
1 U2m; Vinmn
— GOnglilm2|M9\1f/|2 et + €V, z
™, P12 Tm + 2 T s
1 JHL—LHC]|

NA62'\,

LNV Meson Decays R

/ KATRIN

~ TRISTAN

1078
ATLAS
10—10
- FCC—ec
. CMB +BAO +H, ke B, 4
10—12 | \ \PP 'm___-ASeesaw
107° 10°° 1073 1 10°

Bolton, Deppisch, Dev (2019)
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Heavy Sterile Neutrinos

2
3 2 nsg 2
1 _ GOV 4 2 MOV 2 Ueimi ‘/eNz-mNi
ro, — e M2 Ty 2 g
1/2 =1 i=1 N;
17' "
Y AN W W N N N S R g el I current
1072 -\,';:“"3::: — Ffuture
10 N

_g| ™= 107% eV
10771 ¢,=0
i TP/VQ(76 Ge) > 10% y
Am _
10710 — TA = mA::\ — 10 6
— 7y =107*
— rp = 1077
10712 L, . . . | . | . | . k . .
107° 10°° 1073 1 10°

my, [GeV]

Ar - 0 leads to pseudo-Dirac limit where lepton number is approximately

conserved and Ov[3f3 forbidden
Bolton, Deppisch, Dev (2019)
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Conclusions

Julia Harz

BSM theory overview of neutrinoless double beta decay
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~Summary

Ovp( has huge potential to probe LNV and a Majorana nature of the neutrino

Combination with neutrino oscillations powerful to constrain specific models
Many non-standard contributions possible, many topologies and UV completions

OvBp and LHC compete against better sensitivity

QCD running is important and can affect conclusions - “master formula”

OvpB( can shed light on baryogenesis -

Many ideas to disentangle different contributions

Open questions & uncertainties in nuclear physics ,
neutrinoless B ©

Julia Harz
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Thank you for your attention!
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OvBB and Baryogenesis

@ Operator vL 07 u
IHQ LiLijHlﬁtﬂteikEﬂ e+
2 LILiLkecHejep d

Sa LiLijdCHlEijEkl H
3b LI QFd°Hejpe I
44 LILIQueHk e —;]V > 1
T iTi Ay e Tk

—]_ _ 2 /6 2 45 LLijuCH E@j 1

12 = GovMIleql | peddi A7 ( 7 ) M < T < A

/
Observation would Fix the cr Api

° ° 3
effective coupling for one Grer _ gV / Limit above which the

operator \ V2 2A73 washout is highly
effective coupling can be

effective can be
related to the scale of the calculated in dependence
operator

of the operator scale
OD A% [GGV]

Os 9.1 x 1013
O~ 2.6 x 10%
Oy 2.1 x 103

O11 1.0 x 10° Deppisch, Graf, JH, Huang (2018)
Deppisch, JH, Huang, Hirsch, Pas (2015)
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Ovp3B and Baryogenesis

£ current

1019¢ 1 d u

> 0vBB LFV o

Q Vi 0, N ¢

~ ] 1 d u
10°¢ E
limit above which 104%‘LHC p— _
the washout is ;_ ~
highly effective — > I I!
FW 10"’;-EW scale o .-
—>1 £ a 1

H 1 1 I

Potential to Falsify baryogenesis models! Deppisch, Graf, JH, Huang (2018)

Deppisch, JH, Huang, Hirsch, Pas (2015)
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OvBB and Baryogenesis

10°F

T [GeV]

10°}

102

104}

12 12
a b

14 14
a

76 1
24 24 27 27 31 31 HC reaCh‘M -
‘l |\‘I |||| 363738 | |
40 43 ]
1581718 35|||
EEEN 7
21 21
; EW scale -
23 ]
N R AASE = A 4 \A A A A AN \

A AAAAAAA

% oy
oo

28 28 28 29 29

7-dim

9-dign '

i
VL VL (h%) VL

11-dim |

32 32

Deppisch, Graf, JH, Huang (2018)
Deppisch, JH, Huang, Hirsch, Pas (2015)

Side remark: Loop enhanced rate of neutrinoless double beta decay via
virtuality of the particle in the loop

Rodejohann, Xu (2019)
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Putting pieces together

1** generation couplings

O | YAk mn 2N [TeV] | my A [TeV]
I 2.4 dd v 116

3 | 4 11.5 da v 59 x 101
3677 | a) 5.7 % rny 330

5 L 2.6 Aty 330

10 | % 0.8 At 9.6 x 107
116 | L 08 ey 891078
14b | Lpm2 29 dast  41x107°
66 | rn% 5.1 49 pn) 330

Sensitivity to different Flavors than most constraining Ovpf !

Process Experimental limit O | AL, [TeV]

K+ — 7'vr | BRjue < 111 x J071 Osp | S, Njisa > 19.6
K+t = atvy | BRY22 <178 x 10710 [67] | Os | 32, Ajisa > 17.2
K; — v | BREQTO « 30 x 1079 [71] | O | 32, Ayisg > 12.3
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